Introduction
[2] Submicron aerosol particles are formed stochastically in the lower stratosphere from water vapour in combination with sulfuric and nitric acids. The effects of this aerosol on climate and stratospheric chemistry [Solomon, 1988] have made it the subject of numerous studies. Though many details of the formation, chemical composition and phase transitions of stratospheric aerosols are now understood, their identification by remote sensing and the accurate modelling of their composition and phase transitions are still challenging.
[3] For the case of solar occultation measurements in the infrared, the gas phase absorptions are usually much larger than the aerosol extinctions. In this case, it is necessary to separate the total spectral intensity into contributions from the vapour and condensed phases. This separation requires high resolution spectral data in order to reduce the uncertainty arising from the gas phase interference. Previous approaches to this separation were carried out in two steps [Rinsland et al., 1994; Eldering et al., 2001] . First, the gas phase baseline is established using various methods based on microwindows, and then the residual continuum spectrum is compared with reference aerosol spectra. It is not possible to establish the true baseline in regions of heavily overlapped gas phase lines, so these methods must be applied piecewise to such spectra.
[4] In this letter we report a new method that is capable of determining aerosol size distributions, compositions and volume densities from mid-IR satellite spectra. This method does not require a prior knowledge of the gas phase absorption or the location of the baseline. It derives the aerosol characteristics by direct and systematic comparison of an entire measured spectrum with a set of reference spectra of the pure aerosol components. It promises to be fast enough to process operational satellite data in real time.
To illustrate the accuracy of the method, we apply it to high resolution IR measurements made by the ATMOS instrument during two Space Shuttle missions -one in March 1992, shortly after the eruption of Mount Pinatubo and the other in November 1994.
Methodology
[5] The total spectral extinction of an atmospheric layer can be written as
where r is the particle radius; l is spectral wavelength; t gas (l) is the total spectral characteristic of the gas phase, comprising both the absorption and molecular scattering; K ext (. . .) = pr 2 Q ext (. . .) is the aerosol extinction cross section; Q ext (. . .) is the extinction efficiency; which we calculate using Mie theory; P(r) is the particle size probability distribution function (p.d.f.); n*(l, C) is the refractive index and C is the aerosol composition. In the present case, only H 2 SO 4 is present in measurable quantities, so C is the acid concentration.
[6] Rewriting (1) in matrix notation and substituting t gas = W Á y, we have the identity
The identity (2) becomes a weighted least squares problem in which y is the residual vector if an appropriate weight matrix, W, is chosen. For this, we take advantage of the fact that condensed phase spectra are broad and smooth by comparison with gas phase lines and also the latter are largely isolated in a high resolution IR spectrum. First, the entire spectrum is divided into a number of intervals (bins). The size of a bin is chosen to be large enough to contain a few gas phase absorption lines (bands) and small enough that the variation in the condensed phase spectrum is small. In the present case, we choose the bin size to be 0.5 cm À1 . We find t min , the minimum value and t max , the maximum value for each bin, and then count the number of points, n f , which fall into the region between t min and t min + Á(t max À t min ). The Á value is chosen equal to the experimental uncertainty. Finally, we define the weight for the corresponding bin i to be proportional to exp(n fi ). Hence the matrix W takes the form:
Using this matrix, (2) becomes an ordinary weighted least squares problem, which can be solved using the minimization procedure:
where the column matrix t tot s is the observed spectrum.
[7] The dimension of the problem can be reduced by smoothing and interpolating the original spectra t tot . The smoothing is carried out by means of wavelet transformation [Aballe et al., 2001; Burrus et al., 1998 ]. First we extract the smooth component of the spectrum by a direct wavelet transform using a symmetric wavelet family, symlet(20), as the wavelet basis. Then we perform the inverse wavelet transform over the smooth signal, to recover the frequency space and the original number of points. The function thus obtained is next interpolated to the number of points N, which matches the dimension and frequency intervals of the selected bins.
[8] After these transformations, K is a N Â M column matrix composed of aerosol spectra, which is formed from a look-up table using polynomial interpolation between grid points of pre-calculated reference spectra that cover all possible values of size, composition and temperature. p is a column matrix of length M, containing the coefficients to be determined and W is a diagonal N Â N matrix of weights, calculated as explained above.
[9] Application to a retrieval involves two steps. First, the residuals are determined on a rough C i and r i grid by evaluating the minimization over the indices i and j
In this procedure, we impose the constraint p i ! 0 to avoid physically unrealistic negative solutions. We employ an algorithm based on QR-factorization and consecutive orthogonal rotations [Lawson and Hanson, 1974 ] to obtain the vector p.
[10] The best fit parameters, C and r, and corresponding coefficients p, which are determined by a direct permutation at the previous stage, are used as the initial set for the nonlinear least square procedure. At this stage we use the Levenberg-Marquardt algorithm to improve the estimation of the particle size p.d.f. An exhaustive description of the inversion strategy for the retrieval of aerosol size distributions can be found in [Dubovik and King, 2000] . We choose a bimodal p.d.f.:
[11] The coefficients A i = LN i , where L is the optical path length, are proportional to the average density of the aerosol (we shall work with the volume density N i = 3V i /4pr 3 ). Therefore, determination of P(r) yields the average aerosol volume density. The optical path length L for each atmospheric layer was determined using an onion-peeling algorithm [Thompson et al., 1982] . Finally, we note that division of the minimization procedure into two steps enhances the retrieval procedure providing a good initial guess for C i and r i obtained at the first step.
[12] The reference spectra are computed using Mie theory with experimentally-determined refractive indices. In the present work, we include binary H 2 SO 4 /H 2 O solutions in the concentration range between 0 and 80 wt% and the temperature range between 190 K and 250 K. The temperature range for the observations was 200-230 K. Optical constants for the H 2 SO 4 /H 2 O binary system were obtained from [Biermann et al., 2000] .
Results
[13] Figure 1 shows the extinction spectra recorded at tangent altitudes of 12, 23 and 28 km on March 26 1992. The spectra contain three kinds of data: resolved and unresolved gas phase absorbances and extinctions from H 2 SO 4 aerosol particles. The heavy solid lines show the sulfate aerosol spectra obtained using the procedure outlined in the previous section. The insets in the 23 km spectra show two of the 0.5 cm À1 bins -the left one having a high density of gas phase lines and the right one having very few lines. Clearly the former has fewer points near the dashed baseline than the latter. This difference provides the weights used to determine the matrix W.
[14] Both the extent of overlap and the intensity of the condensed phase extinctions increase at lower tangent heights. The procedure still applies at low altitude, but the difficulty of the problem increases greatly below 15-16 km, because the pressure broadening -hence overlap -increases exponentially with decreasing altitude. It should be noted, however, that the use of laboratory spectra in the least squares procedure provides a physical constraint that compensates for this and greatly reduces the errors that would otherwise arise from lack of precise knowledge about the measured aerosol spectra.
[15] (Figure 2a) shows the vertical profiles of concentration, size and volume density of the sulfate aerosol in March of 1992, 250 days after the eruption. The solid lines are the results obtained using the least squares procedure; the sources of the error bars will be discussed below. The results shown are the average over 12 observations made in the latitude range between 29°and 50°N. Deshler et al. showed that inhomogeneities in the vertical and temporal aerosol density distributions had disappeared by early 1992 [Deshler et al., 1993] so these averages represent the properties of the entire aerosol, at least in this latitude range. In the tangent altitude range between 15 and 25 km, the particles consist of 70 -75 wt % sulfuric acid solutions, which coincides within the experimental uncertainty with values predicted by equilibrium thermodynamic models [Carslaw et al., 1997] , using ATMOS level 2 data for temperature and vapour phase partial pressures.
[16] The vertical profile of the aerosol volume density, shown in Figure 2a , has a layer with maximum density of about 1.3 mm 3 cm À3 near 18 km. This is in reasonable agreement with reports [Hofmann, 1987] of a peak in the aerosol density near 20 km approximately 300 days after the eruption of El Chichon and also with direct measurements of the Pinatubo aerosol made over Laramie, Wyoming in winter 1992 [Deshler et al., 1993] that indicated a peak in the density of particles centered at 20 km.
[17] The mean radius as a function of tangent altitude is shown in the right panel of (Figure 2a) . The radius has a nearly constant value of 0.24 mm from 16 to 24 km, with typical values of the variance s in the range from 0.35 to 0.45. Although a bimodal p.d.f. was used in the procedure, only one mode had appreciable amplitude with the exception of a few cases below 18 km where radii in the range of 1.5-4 mm were found. Both the noise in the data and the spatial averaging imposed by the occultation measurement would prevent resolution of smaller modes.
[18] The results for the composition, volume density and effective radius obtained for the November 1994 observations are presented in (Figure 2b) . The average radius, about 0.2 mm, is similar to the 1992 value. The acid concentration above 18 km -about 65% -is only slightly lower, but it drops sharply throughout the lower stratosphere to less than 40% at 14 km. The most dramatic change is in the volume density, which falls to about 0.3 mm 3 cm
À3
.
Discussion
[19] At high altitudes the uncertainty in the results arises from two sources: detector non-linearity and an absolute Figure 1 . The ATMOS (observation number at1SS05) spectra recorded on March 26 1992 at latitude = À29; longitude = 188 with filter 9, which covered 600 -2500 cmÀ1 together with best fits for the tangent altitudes of 28, 23 and 12 km (from top to bottom). Grey lines are the ATMOS spectra. Solid black lines are the extracted sulfate aerosol spectra. The insets show bins approximately 0.1 cm À1 wide demonstrating a region with strongly overlapped gas phase absorption lines (left window) and a region with resolved lines and a well-defined base line (right window). Dashed lines in the insets show the values of t min . The region in the left window has low weight in the fitting; that on the right has high weight. transmittance uncertainty of several percent [Rinsland et al., 1994] . Also, an uncertainty in locating the altitude at which the aerosol signal is zero translates (via the onion peeling algorithm) into an uncertainty in the amplitudes at lower altitudes. The ATMOS measurements were made every 2 km, so the location uncertainty was taken to be ±1 km. The total effect of these errors decreases with decreasing tangent altitude.
[20] Errors arising from uncertainties in the fits dominate at low altitudes, due to the increasing effect of overlapped gas phase signals. We use the square root of the chi squared per degree of freedom as the measure of the uncertainty arising from the fitting [ Le Roy, 1998 ]. This error becomes significant at altitudes below 20 km, and dominates at altitudes below 16 km. Thus the total uncertainty shown in (Figures 2a and 2b ) is least at altitudes between 16 and 25 km. The sum of the above effects gives total uncertainties for the concentration C, radius r and volume density V of about 10, 25 and 50%, respectively at 20 km for the observations made in 1992. These values are slightly larger for the measurements made in 1994 because of the lower intensity of the aerosol spectral contributions in those measurements.
Conclusions
[21] The characteristics of post-eruption sulfate aerosol obtained by our procedure agree well with those of balloon borne measurements that cover the same time period [Deshler et al., 1993; Massie et al., 1996] . For the 1992 case, we obtain a particle radius of 0.23 mm and a volume density about 1.3 mm 3 cm À3 in the 16-20 km range whereas Massie et al. report a radius of 0.2 mm and volume densities of 1 mm 3 cm À3 for the same altitude and time period. Massie et al. also showed that their results agree with data recorded by the CLAES, ISAMS, HALOE and SAGE II satellite instruments, hence our results agree with these as well. The results we report here are also in reasonable agreement with averaged results from HALOE measurements made about 6 months before those reported here [Lee et al., 2001 ] that indicated a mean radius of 0.35 mm, an H 2 SO 4 concentration of 82% and a number density of 10 -15 cm À3 in the 20-24 km altitude range. Based on the radius and volume density in (Figure 2a ) we obtain a maximum number density of 22 cm À3 and a corresponding surface area density of 16 mm 2 cm À3 at 18 km. The latter is in satisfactory agreement with the area of 15 mm 2 cm À3 obtained by Yue et al. for January 1993 from SAGE II data [Yue et al., 1995] .
[22] The techniques described in this letter are applicable to the inversion of high resolution IR spectral measurements to obtain the composition, size and number density of condensed phase particles. With minor modifications, the procedure is applicable to the majority of such remote sensing measurements, whether conducted from space or from the surface, in transmission or emission. High resolution limb emission/scattering measurements (e.g. [Höpf-ner et al., 2002] ) would be a particularly stringent test of the methods. The most important application, however, will likely be to the characterization of polar stratospheric clouds when high resolution measurements of these become available.
